A method for aerial rendezvous of small unmanned aircraft systems (UAS) is proposed. The system includes placing a passive towed drogue into an orbit that is suitable for a small UAS to follow, and a guidance method for use with a monocular camera mounted on the centerline of the UAS. The principle contributions of the work include a method for controlling the drogue path in moderate winds by manipulating the mothership orbit and airspeed, and a vision-based nonlinear pursuit tracking method that uses climb rate and roll commands to guide the UAS to an aerial rendezvous with the drogue. Simulation and ight test results are presented to demonstrate the suitability of these methods. 
A method for aerial rendezvous of small unmanned aircraft systems (UAS) is proposed. The system includes placing a passive towed drogue into an orbit that is suitable for a small UAS to follow, and a guidance method for use with a monocular camera mounted on the centerline of the UAS. The principle contributions of the work include a method for controlling the drogue path in moderate winds by manipulating the mothership orbit and airspeed, and a vision-based nonlinear pursuit tracking method that uses climb rate and roll commands to guide the UAS to an aerial rendezvous with the drogue. Simulation and ight test results are presented to demonstrate the suitability of these methods. 
I. INTRODUCTION
In previous papers we have addressed various aspects of the aerial recovery problem depicted in Figure 1 [15] . This paper presents the most signicant unpublished developments from this project and for the rst time presents data from a full demonstration of all components of the system.
Many small unmanned aircraft systems (UAS) have relatively short endurance and range which limits their usefulness in applications where their home station is a long distance from the area of interest. In addition, it is assumed that there is no suitable landing area near the area of interest. Providing a method for aerial rendezvous is one way to increase the utility of UAS in this circumstance. A notional system consists of a larger aircraft to transport several UAS to the area of interest, launch them, and subsequently autonomously retrieve them by deploying a high-drag drogue that allows the smaller UAS to match the angular velocity of the mothership, while at a much lower airspeed. The smaller UAS that attempt to rendezvous with the drogue are referred to as the seeker throughout this work. The seeker would autonomously dock with the drogue which could then be reeled into the mothership. The methods developed for autonomous aerial rendezvous are important for UAS air-to-air refueling, hunter/killer UAS and other applications where it is necessary for the vehicles to make contact while airborne. This paper develops methods for commanding a UAS to follow an airborne drogue and subsequently autonomously close the distance gap and rendezvous with the drogue.
In the past decade several publications investigated strategies for retrieval of UAS. Some of the proposed solutions included parachute systems, vertical takeo and landing systems, and ship-based Fig. 1 Aerial recovery concept. The mothership tows a drogue that is pulled into an interior orbit to facilitate UAS-drogue docking.
retrieval systems [68] . However, one of the central assumptions of the problem statement is that landing near the area of interest is not possible. However, we are not aware of any publications that have addressed the scenario of retrieving UAS using aerial systems. The approach taken in this work is to employ a drogue towed by a exible cable attached to a mothership, as shown in Figure 1 .
The minimum velocity of the mothership is assumed to be much faster than the maximum velocity of the UAS which necessitates a exible cable system that will place the drogue in an orbit inside the mothership orbit and at a velocity achievable by the UAS.
The system shown in Figure 1 is a notional circularly towed cable-body system. Bernoulli (1700-1782) and Euler (1707-1783) were among the rst to develop dynamic solutions for whirling string systems. In more recent times, the studies of towed cable systems mainly focused on the stability and equilibrium analysis [9, 10] and mathematical modeling [11, 12] . In the past decade, control strategies for towed cable systems have received renewed interest. The typical strategies for controlling the motion of the towed body include towed body active control [1315] , cable length regulation [1618] , and towing vehicle maneuvering [1922] . For control strategies using towedbody active control and cable length regulation, additional eorts are needed to design specic mechanisms for the towed body along with extra devices like winches. The more versatile strategy for motion control of towed cable systems is a maneuverable towed vehicle. An actively controlled
drogue was designed and ight tested as part of this research, but the vehicle was never mature enough to test with the entire aerial recovery system [23] . Therefore, only rendezvous techniques using a passive drogue are presented in this paper.
Hover [24] studied the control strategy of dynamic positioning of a towed pipe under the sea by moving the towing vehicle. Both nonlinear and linear control methods were investigated. The author concluded that the parameters for the nonlinear controller could be obtained by manipulating quantities in a linear framework. Murray [19] developed an approach to determine trajectories for the towing vehicle using dierential atness [25] for a towed cable system. Williams et al. [21] employed dierential atness to produce the desired trajectory for the towing vehicle and developed a linear receding horizon control law for the towing vehicle to follow the calculated trajectory.
In this paper, the desired mothership trajectories are produced using dierential atness. In previous studies of the motion control problem for towed cable systems, cross-wind was typically assumed to be constant during the ight. However, to keep the drogue orbit horizontally level under the disturbance of cross-wind, the variation of the wind speed and direction must be taken into account during path planning. One of the contributions of this paper, is a novel motion planning strategy accounting for the wind variation. The desired trajectories of the mothership for dierent wind conditions are precalculated o-line and the commanded path for the mothership is updated each orbit based on the variation of the wind.
With respect to the method for controlling the seeker we have assumed a monocular camera mounted on the centerline of the UAS or seeker. Our initial attempts to y in formation with the drogue were extensions of vector eld methods developed for unmanned aircraft [26, 27] . As we began to work with a monocular camera and GPS position data from the drogue, we drew on the work of Park, Deyst and How [28] for ideas in the development of pure pursuit guidance methods. Park, et al. developed a nonlinear pursuit method for small UAS that was shown to be equivalent to linear proportional/derivative control. Aware of other work using nonlinear visionbased control methods for UAS [29, 30] , we developed a nonlinear visual pursuit method that is mathematically stable, compatible with sensor data from GPS and/or vision, and provides improved tracking performance over previous methods implemented by the authors. This novel visual pursuit algorithm is another contribution of this paper.
The body of the paper has three main sections. Section II develops drogue orbit control which includes development of a method for controlling the shape of the drogue orbit in wind by manipulating the ight path of the mothership. In Section III, we develop a nonlinear vision-based tracking and control method for the seeker. Finally, Section IV contains ight test results for drogue orbit control and vision-based guidance followed by results from a full system demonstration.
II. Drogue orbit control using mothership maneuvering
In a windless environment, given a drogue with a large aerodynamic drag coecient, it can be demonstrated that a horizontally level orbit of the mothership drives the drogue to converge to a horizontally level orbit with a smaller radius than that of the mothership orbit. However, when wind is present, the resulting drogue orbit will be inclined in the vertical direction and has an oset in the horizontal direction, as shown in Figure 2 which illustrates the system trajectories in the presence of 4 m/s wind from the east. It can be seen that the amplitude of the drogue's altitude oscillation was approximately 20 m. Although the inclined elliptical orbit can be followed by the seeker, the extra eort of ying up and down increase the complexity of the control strategy. An easy-to-follow trajectory of the drogue is preferred for the seeker in the nal phase of the aerial rendezvous. Therefore, a strategy for keeping the drogue orbit horizontally level in the presence of wind is needed to facilitate a successful aerial rendezvous. In this section, a trajectory generation method is introduced for the mothership to place the drogue into a horizontally level orbit in the presence of wind.
In this paper, the cable is modeled as a series of rigid links connected by end-to-end frictionless spherical joints. Detailed description for equations of motion of cable dynamics can be found in [2] . Given a desired drogue trajectory, and the fact that the mothership-cable-drogue system is dierentially at, the desired trajectory for the mothership can be derived. A detailed derivation of this method can be found in [1] . A. Trajectory generation using a desired circular orbit of the drogue in the presence of wind A typical drogue orbit can be used to derive the desired mothership trajectory which is a circular
T ∈ R 3 be the desired position of drogue in the inertial north-east-down (NED) frame, r d dr be the desired constant orbit radius of the drogue, ϕ be the orbital angle for a clockwise motion, and h 0 be the desired constant altitude of the drogue, the desired circular trajectory of the drogue can be written as
Letting v dr (t) ∈ R 3 be the velocity vector of the drogue in the wind frame, and w (t) (w n , w e , w d ) T ∈ R 3 be the wind speed vector in the NED frame, the rst and second order time
, and a prediction of wind vector w, the desired trajectory for the mothership can be derived by applying the dierential atness based strategy described in [1] .
B. Simulation results
Typically, the autopilot on the mothership is designed to regulate a constant airspeed. Therefore, a desired drogue trajectory with constant airspeed is used to calculate the desired mothership orbit.
The drogue airspeed, v dr , using Eq. (4) is given by
Therefore, given a desired drogue airspeed v a dr , we have
Solving the quadratic equation forφ, the clockwise motion is given bẏ ϕ = w e cos ϕ − w n sin ϕ + (w n sin ϕ − w e cos ϕ)
For the purpose of implementing the strategy of drogue orbit control, the performance limits of the mothership must be considered. Based on the current hardware, the airspeed range of the mothership was 10 − 20 m/s. Therefore the amplitude oscillations of desired mothership airspeeds need to remain in this range. Larger orbit radii produce lower peak airspeed requirements. Therefore, the desired orbit radius of the drogue was set so that amplitude oscillations of desired airspeeds would decrease. Figure 3 shows the results using the desired orbit radius of the drogue as r 
III. Seeker Control
The seeker is assumed to be equipped with a monocular camera mounted on the centerline of the vehicle and the camera is able to provide the guidance algorithm with the pixel location of the drogue in the image. A Lyapunov-based visual pursuit method that is compatible with both GPS and vision sensor data is developed in this section. The dynamics are assumed to be decoupled laterally and longitudinally.
A. Coordinate Frames
The inertial, body, camera, and line-of-sight (LOS) frames are the primary coordinate frames referenced in the development of the visual pursuit method. The frames are referenced according the convention laid out in [31] . The inertial coordinate system is an earth-xed coordinate system with its origin at the dened home location. It is oriented such that north is dened as the 0 radian heading direction, east as the π 2 radian heading direction and the altitude reference of positive direction being down. The body frame is obtained by moving the origin to the center of mass of the seeker and then rotating the coordinate axes through the yaw or heading ψ, roll φ, and pitch θ angles such that the x-axis runs from the center of mass along the centerline of the seeker and out the nose, the y-axis runs from the center of center of mass out the right wing perpendicular to the x-axis and the z-axis runs from the center of mass through the bottom of the seeker perpendicular to the x and y axes. The camera frame is located at the image plane of the camera with the axes aligned with the body frame such that the camera frame i im axis is aligned with the body frame y-axis and j im is aligned with the body frame z-axis as shown in Figure 4 . The LOS frame of the reference is aligned with the line-of-sight vector ρ and is formed by rotating the body frame through the lateral and longitudinal azimuth η and elevation β angles.
B. Camera Geometry
The approach taken in this paper is to assume that the seeker has a xed camera aligned with Pixel distances are converted to elevation angle β and azimuth angle η according to
where f is the focal length of the camera.
C. Lateral Dynamics
The relative lateral dynamics between the seeker and the drogue are expressed in twodimensional polar coordinates with the body frame z-axis projected onto the body frame x and y-axes as shown in Figure 5 . It is assumed that because the seeker and drogue will be in close proximity, wind will aect the seeker and drogue equally and therefore does not factor directly in the equations of motion. Let ρ be the line-of-sight vector and η be the lateral line-of-sight angle or 
which is the expression for a coordinated turn, anḋ
is the change in the length of the line-of-sight vector, where V D and V S are the drogue and seeker airspeeds, ψ T and ψ S are the drogue and seeker heading angles, and φ is the roll angle of the seeker.
The rate of change in the line-of-sight angle can be found by observing thatη is equal to the sum of the seeker rotation rate and the tangential velocities of the ends of the line-of-sight vector. Thereforė
D. Longitudinal Dynamics
The relative longitudinal dynamics between the seeker and the drogue are expressed in twodimensional polar coordinates with the body frame y-axis projected onto the body frame x and z-axes as shown in Figure 6 .
The drogue is assumed to be towed at a constant altitude and constant velocity. The time rate of change of the LOS vector, ρ, is computed by taking the vector dierence of the drogue and seeker velocities according tȯ
where,
The rotation matrix from the two-dimensional body to the line-of-sight frame is
In the LOS frame, the LOS vector can be expressed in terms of radial and tangential components
Therefore from (10) through (15), the time rate of change in the line-of-sight vector in the tangential direction isρ
By rearranging (14) and (16), and noting that the full expression forρ t can be found in (17) , the time rate of change in longitudinal pointing error is found to bė
E. Visual Pursuit Guidance
Our goal is to develop a guidance method that is stable about the center of the image frame. In other words we want to develop a function that produces control inputs that will drive the lateral η and longitudinal β line-of-sight angles to zero. Since the guidance method is an outer control loop that wraps around an inner autopilot control loop we must assume that the commanded control inputs φ c andγ c converge quickly to the instantaneous roll and climb rate to prove stability. It has been observed that this is a good assumption for well tuned autopilots that the commanded and actual roll and climb rates track very well. We now develop two scalar functions based on η and β and calculate the rst derivative with respect to time. We then choose values for φ c andγ c that result in the derivatives also being functions of only η and β and two experimentally derived gains.
By showing that the derivatives of the scalar functions are always negative when using the chosen values for φ c andγ c the control method is found to be stable.
Lateral Control
To derive a control method to keep the drogue in the lateral led-of-view, consider the scalar
2 that represents the square of the lateral pointing error. Dierentiating the function with respect to time yieldṡ
By selecting the roll angle φ S to be
and substituting into (20) , the scalar function becomeṡ
If the gain K φ is chosen to be positive,Ẇ 1 is always negative which ensures that when using (21) for φ c , the drogue will remain within the camera FOV [32] .
Longitudinal Control
The stability of the longitudinal control method is derived in the same manner as the lateral control. Consider the scalar function W 2 = 1 2 β 2 that represents the square of the longitudinal pointing error. Dierentiating the function with respect to time yieldṡ
By selecting the climb rateγ to beγ
and substituting into (24) , the scalar function becomeṡ
If the gain K γ is chosen to be positive,Ẇ 2 is always negative which ensures that while using (25) forγ c , the drogue will remain within the camera FOV.
F. Rendezvous
The seeker commanded airspeed V c S during the rendezvous is regulated using a linear controller with the error input being the dierence between the actual and desired seeker distance behind the drogue. Proportional control is used according to
where K p is the proportional gain, d c − d the error between the desired following distance and the current distance behind the drogue, and V S is the current seeker airspeed and V cr is the closure rate (typically 2 m/s). Rendezvous was initiated when the seeker had a good visual track of the drogue.
The visual pursuit algorithm was used to control seeker roll and climb rate during the approach to rendezvous. As the seeker approached the drogue, lateral and longitudinal gains were reduced as a function of distance to the drogue to limit large control oscillations. If the seeker sensed that it had passed the drogue it reduced its airspeed and retreated to a position 25 m behind the drogue prior to beginning the rendezvous attempt again.
G. Simulation Results
Simulations were conducted in Simulink using a six degree-of-freedom aerodynamic model of the seeker tracking a simulated drogue. The location of the camera image plane was calculated to emulate vision processing. Noise on the camera and on the GPS signal was included in the simulation. We used an emulated Kestrel autopilot with the airspeed of the drogue UAS set to 15 m/s ying in a circular orbit with a radius of 250 m. The altitude was varied approximately 20 m from a low point directly into the wind on the east and a high point directly into the wind on the west to simulate the eects of a 2 m/s wind from the east. This produced in three-dimensions an inclined ellipse that simulated the observed behavior of the drogue in wind. The seeker was commanded to follow the drogue at a distance of 30 m. The conditions selected for the simulation were designed to approximate the conditions anticipated during the ight trials that will be described later. The results of the visual pursuit simulation are shown in Figure 7 . Roll angle and climb rate were controlled according to (21) and (25). Camera pixel locations of the target are converted to line-of-sight angles according to (5) and (6) for ease in combining with GPS data. The mean line-of-sight error for visual pursuit from the simulation was found to be 4.3 deg with very little movement of the target in the image plane throughout the orbit as can be seen in Figure 7 (a). Figure 7 (b) shows that the seeker was able to follow closely the simulated drogue path despite signicant noise on the GPS and vision data as can be observed from examining the commanded bank angle and climb rate plots shown in Figure 7 (c) and (d). Bank angle and climb rate commands were computed according to the visual pursuit method using (21) and (25) . The L 2 norm of the bank angle command for the orbit was 5.0 deg and the L 2 norm of the climb rate command was 1.8 deg/sec. The simulation shows that the method is suitable for following a towed drogue around an elliptical ight path as would be required for an aerial rendezvous.
IV. Flight Trial Results

A. Hardware Platform Description
The hardware system used to test the control algorithms developed during this project consisted of four elements: a seeker, a mothership UAS to tow the drogue, a passive towed drogue, and a ground station with associated communication structure. These elements are shown in Figure 8 . 
Seeker
The visual tracking method was tested with a seeker following a passively towed drogue. The aircraft used for the seeker is shown in Figure 9 A digital camera was used in conjunction with the VPU. The xed camera was mounted in the nose of the seeker and had a 78 deg eld-of-view. Visual tracking techniques programmed on the VPU made it possible to manually designate user-selected airborne targets. The video feed was transmitted to the ground and displayed at the ground station. Using the ground station, the user manually selected the drogue or other targets that the UAS was commanded to follow. drogue is a 30 cm diameter half-sphere towed using a nylon cable.
Mothership
The model aircraft used for the mothership is shown in Figure 9 (b) and is a 1.4 m wing span
Multiplex Twin Star airframe equipped with a Kestrel 2 autopilot and modem to communicate with the ground station. The mothership was powered using two 5000 mAh lithium polymer batteries connected to twin 910 W Turnigy motors typically using about 500 W each. When pulling the drogue, the mothership had a maximum ight time of 30 min. The mothership control algorithms discussed in this paper were implemented in Matlab and run on the ground station computer.
Mothership waypoint commands were broadcast from the ground station to the mothership.
Drogue
The 30 cm diameter hemisphere drogue used in this project was constructed of reinforced plastic as shown in Figure 9 (b). The drogue was equipped with a Kestrel 2 autopilot and modem for reporting its position and velocities to the ground station. The drogue GPS states were rebroadcast to the seeker. The drogue was passive with no controllable surfaces and it was attached to the mothership using an 85 m nylon cable.
Ground Station
The ground station was a desktop computer that interfaces to the autopilots on the mothership, drogue, and seeker, as well as the VPU on the seeker. The ground station allowed the operator to monitor the status of all three autopilots simultaneously and communicate with the VPU to change pursuit modes and designate airborne objects to be tracked by the VPU. The communications link with the autopilots was 115.2 KB/s. In addition, the desktop computer had Matlab installed to run the control algorithms for the mothership.
B. Mothership waypoint generation and tracking
The autopilot on the mothership receives waypoint commands and not a time-varying commanded trajectory. To produce the commanded waypoints, the dierential atness based trajectory planner described in Section II is used to compute a trajectory based on the desired drogue orbit and the current state of the mothership. The resulting trajectory, which roughly corresponds to one orbit, is then discretized into 361 waypoints and sent to the autopilot.
C. Wind update strategy
As explained in Section II, given a desired drogue orbit, the desired trajectory of the mothership depends on the current wind direction and magnitude. The autopilot uses measurements of ground speed (obtained from GPS), course angle (obtained from GPS), and airspeed (obtained from the pitot tube) to estimate the instantaneous direction and magnitude of the wind. However, due to gusts and the sensitivity of the sensors, the instantaneous estimate of the wind is noisy. However, a reasonably accurate estimate of the wind can be obtained by averaging the instantaneous estimate over one orbit period.
Therefore, the desired mothership orbit is updated once per orbit based on the average wind direction and magnitude. To facilitate update during ight, the desired trajectories of the mothership in dierent wind conditions were precalculated using dierent wind speeds with the assumed direction coming from the south. The precalculated trajectory is then rotated in the North-East plane to align with the actual wind direction. Each time the mothership crosses the half-plane dened by the actual wind direction, a new precomputed mothership orbit is used based on the estimated average wind speed.
D. Trajectory tracking for mothership using desired drogue orbit with constant airspeed
To facilitate the air-to-air rendezvous of the drogue and seeker in ight, a desired drogue orbit with constant airspeed and (250 m) radius was employed.
Using the desired drogue orbit shown in Figure 3 and the wind update strategy introduced previously, Figure 10 shows the ight test results using a desired drogue orbit with constant airspeed E. Air-to-Air Tracking Using the control method described in Section III, the ight trials were conducted in a build-up approach, beginning with tracking the mothership as the target before attempting to follow and rendezvous with the drogue. Both GPS and vision data were used as sensor inputs for the tracking algorithm. The nonlinear visual pursuit algorithm was rst tested with the seeker tracking the mothership without the drogue as can be seen in Figure 11 (a). The seeker followed the mothership conducted such that when the seeker lost visual lock on the mothership, the algorithm reverted to using rebroadcast GPS position data from the mothership. Climb rate and roll angle were controlled according to (21) and (25) .
The tracker sometimes lost track of the airborne target because of the target motion or changes in background color, even when the target remained within the camera FOV. This required the operator to sometimes rapidly redesignate the target location. When the vision track was lost, sensor data for tracking guidance reverted to receiving the GPS location of the airborne target as it was rebroadcast from the ground station. When using GPS data, the data was delayed by approximately 200 ms as the position data of the drogue was rebroadcast to the seeker through the ground station. The same guidance algorithm was used independent of whether the data was received from GPS or vision processing. The operator received visual feedback when vision tracking was engaged. Whenever the square designation box was visible, as can be seen in Figure 11 (b), the seeker was using vision data for guidance with no appreciable delay in the drogue position information. During this test, the winds were about 2 m/s from the west. The altitude change over the course of the orbit was ± 10 m from the nominal altitude of 125 m. The seeker lost visual lock four times during this test and was locked on for approximately 33 percent of the time. In Figure 12 (a), the line-of-sight errors when using GPS are plotted along with the line-of-sight errors when using vision.
The vision data had a mean error from the centerline of 8.6 deg and the GPS data had a mean error of 12.7 deg. When using vision data, the visual pursuit method had a mean error 32 percent less than when using GPS which can be attributed to the time delay and position uncertainty when using GPS.
The mean commanded bank angle was 7.9 deg and the mean commanded climb rate was 7.2 deg/s.
The distance between the seeker and the mothership was nominally 30 m, however it varied between 15 − 50 m during the test as the closure algorithm (27) was also tested. The additional maneuvering accounts for the higher control inputs and increased scatter of the LOS angles when compared with the simulation results in Figure 7 . Nevertheless, visual pursuit demonstrated excellent air-to-air tracking performance in a real-world ight environment.
F. Rendezvous
The culminating test of the vision rendezvous system brought all the pieces together. The mothership was own towing a non-actuated hemispheric drogue on an exible 85 m cable while executing trajectory tracking to keep the drogue orbit level. The seeker was own using the visual pursuit algorithm to track, follow, and attempt to touch the airborne drogue. The drogue was towed in a 250 m radius circular orbit with an approximate airspeed of 15 m. The seeker began the rendezvous attempt from a stable position 20 − 30 m behind the drogue. When the seeker had a good visual lock, the engage command was given from the ground station which commanded the seeker to close the distance to the drogue using (27) . The seeker closure airspeed was 2 m/s faster than the drogue airspeed. An example engagement is shown in Figure 13 . Winds were 2 m/s from the west. The LOS angles to the drogue are shown in Figure 13 Fig. 12 (a) Line-of-sight error to the drogue vehicle based on GPS position (green) and vision data (red) for seeker vehicle using nonlinear visual guidance. Camera pixel data is converted to line-of-sight angles according to (5) and (6) ; (b) Seeker UAS and drogue UAS ight paths; (c) commanded roll angle; (d) commanded climb rate.
can more easily be seen in Figure 13 (b) where the regions of vision-based guidance and GPS-based guidance are overlayed on a plot of the separation distance between the seeker and the drogue.
During this engagement the seeker passed by the drogue with its closest approach at 2.7 m. The control inputs shown in Figure 13 (c) and (d) also show a correlation with transitions between vision and GPS data. In addition, these plots show an inherent weakness of vision-based control as it nears the target. Examining (21) and (25) we see that commanded bank angle and climb rate both are functions of the LOS distance ρ in the denominator. We see from the data that at very close range to the target, the control inputs become large and eventually saturate. To account for this eect, the control gains, K φ and K γ , are scaled to zero as the seeker approaches the drogue. However, this error to the drogue. Camera pixel data converted to line-of-sight angles according to (5) and (6) ; (b) Seeker distance to drogue, time segments using vision guidance indicated by the shaded region, GPS data used at other times; (c) commanded roll angle; (d) commanded climb rate.
was not enough to prevent control saturation during the nal half second of the engagement shown.
This limitation is explained more completely in [33] .
While we did succeed in hitting the target on some occasions, we could not do it consistently.
Approaches within a few meters like the example shown were common. To improve end-game performance a more robust visual tracker is needed and control inputs must be frozen prior to reaching saturation just before hitting the drogue.
V. Conclusions
Signicant progress toward solving the aerial rendezvous problem was demonstrated during the aerial recovery project. In this paper we have shown in both simulation and open air ight testing the ability to control the orbit of a passively towed drogue in moderate wind conditions by manipulating the airspeed and trajectory of the mothership. The control method developed here produced drogue orbits that were level to the ground and circular and at airspeeds suitable for the slower seeker to track and approach the passive drogue.
We also developed a nonlinear visual pursuit method for the seeker to track the drogue and provide control inputs to allow it to autonomously y in formation with the drogue and approach it to within a few meters. We demonstrated how to use a camera to obtain the line-of-sight to the drogue and the ability to control the lateral and longitudinal motion of the seeker.
Future work to produce a system capable of routine aerial docking requires development of a more robust vision tracker, increase in the stability of the drogue, and further development of vision tracking methods suitable for use in very close proximity to the target.
